I. INTRODUCTION
C ARRIERLESS amplitude-phase (CAP) modulation is an advanced modulation format that has been proposed for copper wires as early as 1975 [1] . CAP is a multidimensional and multi-level signal format employing orthogonal waveforms; one for each dimension. These waveforms are obtained from frequency domain filters with orthogonal impulse responses. In its principle, it is akin to quadrature amplitude modulation (QAM) in the sense that both CAP and QAM supports multiple levels and modulation in more than one dimension. Contrary to QAM, however, CAP does not require the generation of sinusoidal carriers at the transmitter M. B. Othman is with the Department of Photonics Engineering, Technical University of Denmark (DTU), Lyngby DK-2800 Kgs., Denmark, and also with the Department of Communication Engineering, FKEE, UTHM, Johor 86400, Malaysia (e-mail: mabio@fotonik.dtu.dk).
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and the receiver. Additionally, CAP supports modulation in more than 2 dimensions, provided that orthogonal pulse shapes can be identified [2] . This possibility of multi-dimensional modulation makes CAP an attractive modulation format to support multiple services for next generation access networks and in-home networks [3] . Recently, CAP modulation has received attention in the research of optical communication [4] - [6] due to the potentially high spectral efficiency and the possibility of generating the required orthogonal pulses by means of transversal filters. Table I . We believe that this modulation scheme has the potential to support multiple users with integrated services for optical fiber systems with directly modulated VCSELs.
II. HIGH DIMENSIONALITY CAP
The basic idea of the CAP system is to use different signals as signature waveforms to modulate different data streams. These waveforms are obtained from frequency domain filters with orthogonal impulse responses. Fig. 2 shows the 3-D-CAP and 4-D-CAP system. Data in the transmitter is mapped according to the given constellation by converting a number of raw data bits into a number of multi-level symbols. These symbols are upsampled and shaped by the CAP filters in order to achieve the desired waveforms. Eventhough CAP can increase the number of levels and dimensions simultaneously, it cannot be viewed as a straight forward way to increase the spectral efficiency. For higher dimensionality CAP, the required samples/symbol ratio is linearly proportional to the number of dimensions [2] . The upsampling factor therefore must be increased along with the increase in dimensionality. This means that the spectral efficiency has not been improved. The advantage of multi-dimensional CAP therefore lies in the possibility to flexibly allocate different services to different users rather than simply increase capacity [2] . From a network perspective, a broadcast-and-select architecture, where the receiver selects one of the data streams by choosing the corresponding filter, can be envisaged. Additionally, the matched filtering can be carried out in the digital domain. As the dimensionality has been increased, the sampling rate of the digital to analog converters (DACs) and analog to digital converters (ADCs) also needs to be increased. Therefore, this would increase the cost of the system [5] and the receiver complexity. However, if the CAP filters could be designed in the analogue domain as in [6] the issue of high performance DAC/ADCs, could be avoided.
The Hilbert pair which are sine and cosine waveforms used for 2-D-CAP can not be used for 3-D or 4-D, so a new set of filters needs to be designed. The filters are added according to the dimensions that are required in the system. To avoid interdimensional crosstalk; it is vital that the transmitter-receiver filter combinations satisfy the orthogonality or perfect reconstruction (PR) criteria. In this experiment, the optimization algorithm (OA) described in [7] has been applied to extend the conventional 2-D-CAP scheme to higher dimensionality and to assure the PR of the filters. The advantage of this formulation is that the frequency magnitude response of the transmitter and receiver filters will be identical. Additionally, it is a straight-forward method to extend the design to higher dimensionality CAP systems. In equation (1) the variables f i and g j represents the CAP transmitter and receiver finite impulse response (FIR) filters respectively.
where P( f i ) is a shift matrix that operates on vector f i ,δ is a vector with one unity element and0 is a vector of all zeros. The optimization algorithm for high dimensionality CAP is described as follows min
subject to the PR condition in (1) and where F i is the discrete Fourier transform (DFT) of vector f i . The F i,H P is the out-of-band portion of the transmitter response above the f B . The boundary frequency f B is to ensure the receivers frequency magnitude response will be exactly the same as the transmitters. This means that the out-of-band spectral content of the filters is zero. For 1-D pulse amplitude modulation (PAM), Nyquist has proved that to avoid inter symbol interference (ISI), i.e., PR condition for one dimension, a minimum bandwidth of 1/2T is needed, where 1/T is the baud rate. Similarly, for the 3-D-CAP system, there is a minimum bandwidth ( f B,min ) value that will achieve the PR condition. It has been proven in [7] , that f B for the 3-D-CAP system is at least equal to or greater than 3/2T to preserve the PR condition. In the experiments, the band limiting condition f B is set to 2/3(2 × f s ), where f s is the sampling rate. Fig. 3 and 4 show the responses of the digital filters at the transmitter and receiver for 3-D-CAP and 4-D-CAP respectively. Fig. 3(a) and 4(a) show the impulse response and the frequency response for each of the signals. Fig. 3(b) and 4(b) shows the cross responses of the transmitter-receiver (transceiver) filters. We observe an impulse at the cross responses of corresponding filter, for example f 1 and g 1 , f 2 and g 2 , etc and zeros at the other transceivers, for example f 1 and g 2 , f 1 and g 3 , etc. This means that the filters have orthogonal impulse responses, and comply with equation (1). Fig. 5 illustrates the experimental setup. An arbitrary waveform generator (AWG) with a sampling rate of 1.25 GSa/s The signal is propagated through 20 km of SSMF with a total fiber loss of 6.5 dB. A variable optical attenuator (VOA) is placed after the fiber for bit-error rate (BER) measurements. The signal is directly detected by a photodetector (PD) and stored in a digital storage oscilloscope (DSO) with a 40 GSa/s sampling rate for offline demodulation. At the receiver, the inversion of the transmission filter is implemented to retrieve the original sequence of symbols. The symbols are down sampled and demapped before the data can be recovered. Transmission quality was assessed using receiver sensitivity at a BER of 2.8 × 10 −3 , since forward error correction (FEC) may be applied to obtain error free transmission when the 7% FEC overhead is taken into account.
III. EXPERIMENTAL SETUP
IV. RESULTS shows that the high dimensionality CAP requires excess bandwidth due to the higher upsampling factor. This results in a decreased spectral efficiency. This tradeoff between the flexibility and spectral efficiency needs to be considered in the system design. Future work of high dimensionality CAP at higher bit rates will be carried out to investigate the tradeoff of the CAP signals with DM-VCSELs.
